Introduction
The respiratory tract maintains an array of defenses that serve to prevent or reduce damage to the tract itself and absorption of noxious materials into the circulation (1) . One component involves the physical removal of inhaled particles that contact and deposit upon epithelial surfaces. This process is known as clearance, and the rapidity and degree to which particles are removed frequently plays a role in determining the biological effects of these particles.
Clearance processes are not the same throughout the respiratory tract, with regional differences in both mechanisms and kinetics (2) . In the conducting airways of the lungs, i.e., the tracheobronchial tree, clearance occurs via mucociliary transport, whereby a mucous blanket that overlies the epithelium is moved by the coordinated beating of cilia toward the oropharynx. Insoluble particles that deposit in this region are generally cleared within 24 to 48 hr.
Clearance from the respiratory (alveolated) region of the lungs occurs via a number of mechanisms and pathways, but the major one involves alveolar macrophages. These freely moving cells actively phagocytize deposited particles and are then removed from the gasexchange region primarily via the mucociliary system, after reaching the distal terminus of the mucous blanket.
There is accumulating evidence that inhaled acid sulfate aerosols, in particular, sulfuric acid (H2SO4), may alter the efficiency of lung clearance mechanisms (3); such changes have implications for the ultimate handling of the offending agent itself, as well as other materials that may be concurrently or subsequently inhaled. Furthermore, changes in clearance may have pathogenic consequences (2, 3) .
Although acid aerosols may affect clearance function, a number of important factors upon which the response depends have yet to be totally resolved. This paper discusses three of these, namely the roles of exposure concentration, exposure duration, and the relative acidity of the inhaled aerosol.
Methodology
The studies reported involved use of male, New Zealand White, specific pathogen-free (Pasteurella multocida) rabbits (3.0-3.5 kg), an animal model developed and successfully employed in this laboratory for the study of pollutant effects on lung clearance. The animals were individually housed in stainless-steel cages in rooms maintained at temperature and relative humidity levels of 200C and 50%, respectively. Food (Purina Rabbit Chow-HF) and water were provided ad libitum.
Clearance patterns are obtained by measuring the retention of radioactively tagged tracer microspheres by external scanning techniques employing paired, collimated NaI scintillation detectors coupled to a pulse height analysis system (4, 5) The response to a toxicant is generally dependent upon dose. For inhaled materials, dose is a function of the amount retained, which is determined by both the concentration (C) of toxicant in the inhaled air and the duration of exposure (T). Many air pollutants demonstrate fluctuating concentrations during 1 day, or even within shorter time frames. This is especially true for those pollutants such as acid sulfates that are formed secondarily in the atmosphere and whose production is dependent upon both primary pollutant release and various other factors, such as meteorological conditions. Unfortunately, little is known about the concentration-time-response relationship for acid sulfate effects on the respiratory tract; this information is needed to predict the severity of response under different ambient exposure conditions and to allow the evaluation of pollution measurements in terms of health end points. For example, in many cases, the time weighted average concentrations of atmospheric pollutants are obtained from monitoring stations, and this is then used for comparison to results of toxicologic or controlled clinical studies. Implicit in this analysis, however, is acceptance of Haber's Law, that is, that the product of C x T is proportional to the severity of response, and that all values of C and T that produce the same product will produce a response of the same magnitude. In the only previously reported examination of C x T relationships for acid aerosols, Amdur et al. (7) found that exposure for 72 hr to 8 mg/m3 H2SO4 did not increase mortality percentages over those observed due to 8-hr exposures to the same concentration. Thus, lethality appeared to depend on actual concentration, rather than on the duration of exposure. On the other hand, the extent of histological damage appeared to be related to cumulative exposure, in that guinea pigs exposed to 8 mg/m3 H2SO4 for 72 hr [C x T = 576 (mg/m3) hr showed more extensive tissue damage than did those exposed at 20 mg/m3 for 8 hr [C x T = 160 (mg/m3-hr]. A series of studies have been performed in this laboratory to examine the concentration-time-response pattern for sulfuric acid aerosol in terms of altering clearance functions of the lungs.
Mucociliary Clearance
Acute exposures to H2SO4 were carried out under various conditions of concentration and time (Table  1 ). This involved exposures (via oral tube) of one group of five rabbits for 2 hr, and another group of five rabbits for 4 hr, followed by inhalation of tracer aerosol. The results were compared with those previously reported by Chen and Schlesinger (8) and Schlesinger et al. (9) for 1-hr exposures. Figure 1 shows the results of all exposures to H2SO4 as a function solely of exposure concentration (C). The statistical significance of %AMRT at each concentration for each of the three exposure series (i.e., 1 hr, 2 hr, or 4 hr) was assessed using ANOVA (after angular transformation of the data), followed by Dunnett's test for comparison of response at each concentration to a respective sham control exposure run at each of the three exposure times. If there was no interaction between C and T, there should be no statistical difference in response when either parameter is varied, provided the product is constant. It is evident from Figure 1 that exposures at the same concentration, but for different durations, do not necessarily result in responses of the same magnitude. A multiple regression analysis was then performed to assess the relative contribution of C and T to the observed response. The results are shown in Table 2 . It is evident that both C and T are highly significant contributors to the change in mucociliary clearance induced by exposure to H2SO4, although the partial regression coefficients indicate that C has a greater influence on the ultimate response than does T and that C is more important for a fixed level of C x T. Figure 2 shows %AMRT plotted as a function of C x T. It is now evident that there is no statistical difference in response between tests conducted at equivalent C x T values.
Respiratory Region Clearance
The relative roles of C x T in eliciting changes in respiratory region clearance due to H2SO4 were assessed with repeated daily exposures (via nasal mask) of 1 to 4 hr duration for 14 days (Table 3) (Figs. 3 and  4) . For these tests, the tracer aerosol was administered immediately after the first acid exposure. On subse- quent days, retained activity was measured prior to that days' pollutant exposure. Figure 3 shows a plot of %At1l2 versus concentration; it is evident that exposures to equivalent H2SO4 concentrations do not necessarily result in equivalent responses. A multiple regression analysis was then performed using C, logT, and %At1j2 as variables; logT was used because regression with T was found to be not significant. Examination of the regression parameters (Table  4) shows that although both C and T are highly significant contributors to the response, the former is a greater contributor. This is consistent with the results of the mucociliary clearance tests discussed above. Figure 4 shows %At112 plotted as a function of C x T.
C x T: Conclusion
The results of studies conducted to examine the role of H2SO4 concentration and exposure time in eliciting changes in tracheobronchial and respiratory region clearance indicate that the response is due to some combination form of C x T. However, these data do not allow for determination of the exact C x T relationship, although they suggest that both C and T have exponents lower than 1. To obtain a more rigorous solution, it would be necessary to do additional inhalations at a larger number of concentrations and exposure durations. Once known, the mathematical relationship between C, T, and response may be used to predict biological equivalent concentrations of H2SO4 in ambient air. Nevertheless, the initial studies presented here strongly suggest that, in terms of alterations in clearance function, time-weighted average concentra- H2SO4, NH4HSO4, (NH4)2SO4 or sodium bisulfate (NaHSO4) aerosols. None of these produced a significant change in specific airway conductance. However, when sulfate exposure was followed by a carbachol challenge aerosol (a parasympathomimetic agent), the bronchoconstrictor action of the carbachol was potentiated by the sulfates in rough relation to their acidity, i.e., H2SO4 > NH4HSO4 > NaHSO4 > (NH4)2S04. chial mucociliary clearance alteration. In another study, Schlesinger et al. (13) found bronchial clearance to be altered in donkeys exposed to H2SO4 for 1 hr at levels above 0.2 mg/mi3, while exposures to (NH4)2SO4 at up to 3 mg/m3 produced no response.
Respiratory Region Clearance
There are no previously reported studies that examined the relative potency of acid sulfates in terms of altering respiratory region clearance. To begin to assess this, rabbits were exposed to NH4HSO4 and (NH4)2SO4 for 2 hr/day (for 14 days) for comparison to similar exposures to H2SO4 (Table 3) (Figs. 3 and 4) . The results for NH4HSO4 are shown in Figure 6 . Although none of the individual exposures resulted in a statistically significant change in clearance, the entire data set strongly suggested a concentration-response relationship. Accordingly, linear regression analysis was performed for %Atl/2 versus logC, and a significant relation was found (r = 0.7, p = 0.04), indicating a trend of accelerating clearance with increasing C for the 2-hr exposures. Exposure to (NH4)2SO4 at 2 mg/m3 for 2 hr resulted in no change in clearance (Fig. 6.) Mucociliary Clearance A previous study performed in this laboratory examined the role of relative acidity in altering mucociliary function (12) . In this study, rabbits were exposed for 1 hr to submicrometer aerosols of NH4HSO4, (NH4)2SO4 or sodium sulfate (Na2SO4) (Fig. 5) . Exposure to 0.6 to 1.7 mg/m3 NH4HSO4 produced a significant depression of clearance rate only at the highest level. No significant effects were observed with the other aerosols at levels up to 2 mg/m3. When these results were compared to those obtained with 1-hr exposures to H2SO4 (8, 9) (Fig. 1) , the ranking of irritant potency was H2SO4 > NH4HSO4 > (NH4)2SO4, Na2SO4; this strongly suggested a relation between the hydrogen ion (H+) concentration The work described in this paper was supported by research contracts from the Electric Power Research Institute (RP1 157, RP2155) and is part of a Center Program (ES00260) supported by the National Institute of Environmental Health Sciences (NIEHS). The author is also partially supported by a Research Career Development Award (ES00108) from NIEHS.
